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Critical Review
Challenges during Diapause and Anhydrobiosis:
Mitochondrial Bioenergetics and Desiccation
Tolerance
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Abstract
In preparation for the onset of environmental challenges like overwin-

decreased during diapause, the inference is that membrane potential

tering, food limitation, anoxia, or water stress, many invertebrates and

must be compromised. In the absence of any intervention, the possibil-

certain killiﬁsh enter diapause. Diapause is a developmentallyprogramed dormancy characterized by suppression of development

ity exists that the F1Fo ATP synthase and the adenine nucleotide translocator may reverse, leading to wholesale hydrolysis of cellular ATP.

and metabolism. For embryos of Artemia franciscana (brine shrimp),

Studies with anhydrobiotes like A. franciscana are revealing multiple

the metabolic arrest is profound. These gastrula-stage embryos depress
oxidative metabolism by ~99% during diapause and survive years of

traits useful for improving desiccation tolerance that include the expression and accumulation late embryogenesis abundant (LEA) proteins

severe desiccation in a state termed anhydrobiosis. Trehalose is the

and trehalose. LEA proteins are intrinsically disordered in aqueous

sole fuel source for this developmental stage. Mitochondrial function
during diapause is downregulated primarily by restricting substrate

solution but gain secondary structure (predominantly α-helix) as
water is removed. These protective agents stabilize biological struc-

supply, as a result of inhibiting key enzymes of carbohydrate metabo-

tures including lipid bilayers and mitochondria during severe water

lism. Because proton conductance across the inner membrane is not

stress. © 2018 IUBMB Life, 70(12):1251–1259, 2018
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INTRODUCTION
Metabolic depression is positively correlated with extended survival during environmental stress (1–6). One form of dormancy
that is widespread across animal phyla is the state of diapause
Abbreviations: CF, 5(6)-carboxyﬂuorescein; HK, hexokinase; LEA proteins,
late embryogenesis abundant proteins; PDH, pyruvate dehydrogenase; Tm,
melting temperature or phase transition temperature; TMRM, tetramethylrhodamine, methyl ester.
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(7). Diapause is a programmed arrest of development that is
controlled by endogenous physiological factors and may or may
not involve a substantial depression of metabolism. Diapause
typically precedes the onset of adverse environmental conditions. Depending on the developmental stage, diapause may be
hormonally regulated and occur in response to signaling factors
that come before the adverse period. From the standpoint of
mitochondrial bioenergetics, the case of diapause in embryos of
the brine shrimp Artemia franciscana is unique. We are
unaware of any species that displays a greater transition in oxidative metabolism upon entry into diapause than do these
gastrula-stage embryos (8, 9). Mitochondrial function is brought
to a virtual standstill under conditions of full oxygenation, full
hydration, and euthermic temperatures. The mechanism and
implications of this arrest are noteworthy. While the signaling
mechanisms that govern the developmental and cell cycle
arrest during diapause are fascinating, these are outside the
scope of this present treatment. For a broader perspective on
diapause encompassing multiple phyla, useful reviews are
available (7, 10, 11), as well as others that provide a more historical perspective on latent life [e.g., (12–16)].
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TABLE 1

Metabolic features of A. franciscana embryos and mitochondria during active metabolism versus diapause [data compiled
from reference (9)]

Experimental variable

Active metabolism
−1

−1

Embryo respiration (pmol O2 s mg embryo )
Glucose (nmol g embryos−1)
Glucose-6-phosphate (nmol g embryos−1)
Proton leak respiration (nmol O min−1 mg protein−1)
for isolated mitochondria at ΔΨ 143.5 mV
a

a

3.46 (day 1)
326  2 (n = 5)
251  2 (n = 5)
4.8  0.3 (n = 6)

Diapause state
0.07 (day 26)a
405  7 (n = 5)
18.0  0.6 (n = 5)
5.2  0.5 (n = 6)

Days postrelease from ovigerous female.

The purpose of this brief review is to underscore key issues
regarding the entry of animals into metabolically-depressed states
like diapause and the advantages accrued from a lowered metabolism, a key one being the enhanced tolerance to environmental
challenges like water stress. Many of the concepts explored herein
come from studies with embryos of A. franciscana, a well-known
anhydrobiotic animal. Anhydrobiosis, or “life without water,” is
an extreme state of desiccation during which tissue water can
decline to around 2%. We will focus mainly on intracellular protective agents that stabilize biological structures like membranes
and mitochondria during water stress. Late embryogenesis
abundant (LEA) proteins and trehalose ﬁgure prominently in this
focused review. Desiccation tolerance in animals is a broad ﬁeld
and many comprehensive treatments exist (17–22).

MITOCHONDRIAL FUNCTION DURING
DIAPAUSE
The depression of oxygen consumption observed for embryos of
A. franciscana is profound as they enter diapause. In response to
shortened day-length in the fall, the ovigerous female releases
encysted embryos that are developmentally arrested but which
require several days for metabolism to reach its minimum rate (8,
9). Compared to freshly-released embryos (day 0), the respiration
rate measured in diapause embryos drops to less than 1% after
26 days. The vast majority of the metabolic depression is completed within 3–4 days. Table 1 shows respiration values for days
1 and 26. One key biological advantage of diapause for this organism is the preservation of cellular energy stores. Some diapause
embryos overwinter in a fully hydrated state on the lake surface,
while others eventually wash up on the shore and experience
severe desiccation (anhydrobiosis). Overwintering embryos,
whether on the lake or shore, eventually break diapause as a
result of cold exposure and/or dehydration (23, 24). Shorelinedeposited embryos are washed back into the lake in the spring.
When the embryos resume active metabolism and development in
the spring, the intracellular carbohydrate stores that remain,
thanks to diapause, are critical for supporting growth until the
animal reaches the larval stage and begins feeding.

Limitation by Substrate Supply
The disaccharide trehalose is the sole energy source for
embryos of A. franciscana until the larval stage. Evidence
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shows that supply of carbon substrate to the mitochondrion is
blocked during diapause entry (9). Metabolic crossover point
analysis of glycolytic intermediates shows that four enzymatic
steps are inhibited during diapause—trehalase, hexokinase
(HK), pyruvate kinase, and pyruvate dehydrogenase (PDH). The
metabolite crossover point for the HK step ([glucose-6-phosphate]/[glucose]) is shown in Table 1. Western blots with
phospho-PDH antibody indicate that the inhibition of PDH is
due to a strong increase in phosphorylation at site 1 during diapause entry. This time-dependent phosphorylation of PDH
matches precisely the temporal proﬁle of respiratory inhibition
measured for the intact embryo (9). Additional evidence
(Y. Patil, E. Gnaiger, and S. Hand, in preparation) indicates that
inhibition at Complex I, Complex II, and within the phosphorylation system also contribute to the overall metabolic depression during diapause in these embryos. The downregulation of
selected complexes could be similar to that reported for mitochondria isolated from liver of mammals during hibernation
(25). For these 13-lined ground squirrels, Complexes I and II
showed reduced activities during torpor compared to interbout
euthermia, although protein content for these complexes did
not differ; the data are consistent with occurrences of posttranslational modiﬁcations during hibernation.

Defense of Adenylate Concentrations and Potential
Reversal of ATP Synthase
With this biochemical backdrop, it is clear that oxidative phosphorylation by the mitochondrion virtually ceases under diapause. Oxygen consumption by the embryos is far below rates
that would even compensate for normal LEAK respiration
(State 4). Thus, unless proton conductance were greatly attenuated in the diapause state, the protonmotive force (Δp) and
inner mitochondrial membrane potential (ΔΨ ) would collapse.
For diagrams depicting these shifts in metabolism during transitions from active to diapause states, please see those in refs.
(7, 9). Proton leak respiration measured at matching ΔΨ values
(driving force for the leak) are statistically identical for mitochondria isolated from active versus diapause embryos
(Table 1). Leak respiration is identical across the entire range
of experimentally controlled values for ΔΨ (84–152 mV). Thus
projecting to in vivo, ΔΨ is not defended during diapause due to
unabated proton leak and insufﬁcient compensatory respiration. This scenario can have signiﬁcant implications for the
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embryo, namely that the F1Fo ATP synthase along with the adenine nucleotide translocator can potentially reverse and hydrolyze all cellular ATP. While ATP does decline some during
diapause, it is not eliminated (9), so mechanisms are apparently
in place to prevent exhaustion of ATP. This phenomenon is currently being experimentally investigated and may involve the
IF1 inhibitor protein of the F1Fo ATP synthase (26).

PROTECTION OF MEMBRANES AND
MITOCHONDRIA DURING WATER
STRESS
As reviewed above, shoreline-deposited embryos of
A. franciscana are subjected to prolonged dehydration during
this overwintering phase of their life cycle. Tolerance to such
severe desiccation involves a suite of biochemical and physiological factors that are still being experimentally unraveled
[e.g., (27, 28)]. Prominent among these are the accumulations
of small stress proteins, like late embryogenesis abundant
(LEA) proteins, and in some cases high concentrations of sugars
like trehalose. These protective agents stabilize biological structures in the dried state (17–20, 29–36). Indeed, after prolonged
desiccation, which serves to release embryos from diapause
(23, 24, 37), embryos resume respiration readily once embryos
reach a “critical hydration level.” Clegg (38) showed that respiration was clearly detectable once embryos reached a hydration value of 0.5–0.6 g H2O g−1 dry mass, which required about
25–30 min of incubation in 0.5 M NaCl. Very recently, studies of
the rehydration of dry seed embryonic cotyledons of Arabidopsis showed a similar reactivation of mitochondria within
15 min, as judged by TMRM ﬂuorescent staining of mitochondria in situ, indicative of ΔΨ development (39); respiration of
seed embryos was detectable within 1 h of imbibition in water.
LEA proteins were ﬁrst discovered in land plants (40) and
more recently identiﬁed in several phyla of desiccation tolerant
invertebrates (33, 35). These very hydrophilic proteins are
intrinsically disordered (41–45) and display little secondary
structure in solution but gain structure as water is removed.
Much is still to be learned about their functions, but some of
their more established roles are protection of other proteins
[e.g., (46–49)] and lipid bilayers [e.g., (50–55)] during water
stress (both drying and freezing), stabilization of sugar glasses
(56), and divalent cation binding (33). Within a given species,
expression of multiple variants of LEA proteins is common; for
example, in the insect Polypedilum vanderplanki there are
27 LEA protein genes (28). Targeting to multiple subcellular
compartments, including mitochondria, likely accounts for
some of this apparent redundancy (33, 35). It has been recently
demonstrated that expression of LEA proteins and other
selected desiccation-induced genes are under control of the
heat shock transcription activator system (57). Finally, the phylogenetic distribution across selected animal phyla (nematodes,
rotifers, tardigrades, arthropods) is difﬁcult to explain by traditional vertical gene transfer, and evidence is mounting for the

HAND ET AL.

involvement of horizontal gene transfer from bacteria and fungi
(28, 58–60).
Trehalose has been studied extensively as a stabilizing solute (i.e., molecular chaperone) that confers protection to macromolecules during water stress (19, 29). It is known to
accumulate not only in single-celled eukaryotes like the yeast
Saccharomyces cerevisiae (32), but in numerous animals that
display capacities for anhydrobiosis (although not detected in
all anhydrobiotic species (61)). This nonreducing sugar retards
enzyme inactivation and also prevents misfolding and aggregation of proteins during drying (32). Its ability to stabilize lipid
bilayers (both liposomes and native membranes) during water
stress has been well documented. This latter feature of trehalose apparently involves its ability to form sugar glasses and to
replace water molecules associated with phospholipid head
groups of membranes (62). Trehalose depresses the phase transition temperature (Tm) of lipid bilayers and thereby prevents
phase transitions that cause leakiness during dehydration/rehydration (63).

Stabilization of Lipid Bilayers during Drying and
Freezing
Consistent with the previous discussion, embryos of
A. franciscana express multiple LEA proteins (64–67) and is the
only animal species that naturally expresses LEA proteins from
three different classiﬁcation groups (Groups 1, 3, 6) (36, 68). It
is noteworthy that knockdown of Group 1 LEA proteins with
RNAi in A. franciscana embryos signiﬁcantly lowers survival
after desiccation and freezing compared to controls (69). We
have used two puriﬁed recombinant LEA proteins from
A. franciscana—AfrLEA3m [mitochondria-targeted; 70–72] and
AfrLEA2 [cytosolic, 72]—to evaluate the capacity for protection
of lipid bilayers against damage incurred during drying and
freezing. The mitochondrial location of AfrLEA3m is based on
several experimental observations. When joined as a chimeric
protein with GFP, its mitochondrial leader sequence directs
GFP to mitochondria in a mammalian cell line (70). Western
blots of isolated mitochondria from A. franciscana show the
presence of AfrLEA3m (71), and immunohistochemistry of
embryo tissue supports a mitochondrial location (72). Additionally, a matrix-speciﬁc location for AfrLEA3m is supported by
incubating mitochondria isolated from A. franciscana embryos
with a range of detergent concentrations in order to differentially solubilize the outer and inner membrane. Release of AfrLEA3m coincides with that of fumarase (a matrix marker
enzyme), but AfrLEA3m is not released simultaneously with
adenylate kinase (an intermembrane space marker) (D. Moore
and S. Hand, in preparation).
For experiments on bilayer protection, we prepared liposomes that simulated the lipid composition of mitochondrial
inner membrane (IMM), mitochondrial outer membrane
(OMM), and the inner leaﬂet of the plasma membrane (ILPM)
(54). Damage was assessed by leakage of entrapped carboxyﬂuorescein (CF) after drying and rehydration, or freezing and
thawing. By using both a cytoplasmic-localized and a
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mitochondria-targeted LEA protein, we could evaluate whether
each might preferentially stabilize a particular lipid composition based on the protein’s subcellular location. Both LEA proteins, when added externally to liposome solutions, were able
to offset drying damage to liposomes of all three compositional
types above, although liposomes with a nonbiological composition of 100% phosphatidylcholine were not protected by either
protein [Fig. 1A,B; Ref. 54]. By comparison, lysozyme (a control
protein), did not exhibit concentration-dependent protection of
any liposome tested. Thus liposome stabilization by AfrLEA3m
or AfrLEA2 was not dependent on lipid composition. Protection
by LEA protein against drying damage was additive with the
stabilization by trehalose, but this combined effect was dependent on lipid composition; no additivity was seen with OMM
liposomes (54).
LEA proteins from A. franciscana were able to protect
OMM liposomes against freeze–thaw damage [Fig. 1C,D; Ref.
73], but neither AfrLEA3m nor AfrLEA2 had any effect on
freeze-induced damage to IMM, ILPM, or PC liposomes, which
indicated that protection is dependent on the lipid composition
of the bilayer (73). The control protein, BSA, did not depress
CF leakage from any liposome tested except at the highest

FIG 1
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protein:lipid mass ratio with OMM liposomes, and this effect
was very modest. This compositionally-restricted effect of
A. franciscana LEA proteins on reducing freezing damage to
liposomes was surprising because plant LEA proteins displayed
a more robust ability for protecting PC liposomes (52) and
chloroplast-like liposomes (74) against freezing damage.
Whether this difference in freeze protection is due to the relative abilities of the LEA proteins or to the freezing regime used
(−80  C for the A. franciscana study; −18 to −20  C in the plant
studies) is unclear.
Finally, the ability of trehalose alone to stabilize these compositionally diverse liposomes was also evaluated (73). External
trehalose signiﬁcantly depressed CF leakage from liposomes
after freeze/thawing for all liposome types (OMM, IMM, ILPM,
PC). However, CF loss from IMM-like liposomes in the presence
of trehalose was signiﬁcantly greater than for the other liposomes. Previous work has clearly demonstrated that in order
for trehalose to be optimally effective in protecting liposomes
during freezing, it should be present on both sides of the lipid
bilayer [e.g., (75)]. However, liposomes with lipid compositions
similar to the IMM of mammalian mitochondria have never
been investigated in this regard. Consequently, IMM-like

The capacity of LEA proteins to protect liposomes of various compositions when challenged with drying (A, B) or freezing at
−80  C (C, D). The relative stability of the membranes was determined by measuring the loss of the entrapped ﬂuorescent dye
carboxyﬂuorescein (CF), expressed as a percentage of complete dye release quantiﬁed by detergent solubilization. Experimental
treatments were then normalized to control treatments (no protectant). Lipid compositions simulated those of the inner mitochondrial membrane (squares), the outer mitochondrial membrane (triangles), the inner leaﬂet of the plasma membrane (circles),
or a nonbiological composition of 100% phosphatidylcholine (diamonds). Liposomes were dried or frozen at the indicated
protein:lipid mass ratios. Data represent the mean  SD of n = 3–6 samples. Statistical analysis for A and B was omitted for
clarity, but at all protein:lipid mass ratios, stabilization by LEA proteins was signiﬁcantly greater than that afforded by the control
protein lysozyme (not shown) for all liposomes except 100% PC. For C and D, asterisks indicate signiﬁcantly less CF leakage than
that of liposomes frozen without protectants. [Figure assembled from data in references (54, 73)].
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FIG 2

Molecular modeling of AfrLEA3m from Artemia franciscana to emphasize regions where amino acids of positive and negative
charge align in parallel bands. AfrLEA3m is targeted to the mitochondrial matrix. We hypothesize that such an arrangement of
charged amino acids allows AfrLEA3m to interact with lipid bilayers in a manner similar to other amphipathic proteins. (A) Two
views of AfrLEA3m modeled as an α-helix. Charged amino acids are depicted in red (acidic: D or E) or blue (basic: H, K, or R).
Hydrophobic (nonpolar: A, G, I, L, M, V, or W) residues are shaded gray and hydrophilic (polar: N, Q, S, T, or Y) residues are
shown in yellow. (B) The α-helical backbone (white) is depicted with the charged residues (colored as above) between positions
45–219. The three dimensional rendering of the side chains was removed to highlight the linear banding pattern formed by the
residues. (C) End-on view of residues 149–240 with only the charged amino acids visible. [Modiﬁed from reference (54)].

liposomes were frozen with internal and external trehalose
(Fig. 3A). CF leakage was markedly reduced when trehalose
was provisioned on both sides, which extends the established
paradigm to this compositional type as well (73).

Modeling the Interaction between LEA Proteins and
Lipid Bilayers
While biophysical evidence for direct interaction of AfrLEA2
and AfrLEA3m with phospholipid bilayers is not yet available,
molecular modeling suggests such a likelihood (54). The models
(Fig. 2) demonstrate parallel bands of positive and negative
amino acids that run lengthwise along the α-helix, such that a
band of acidic residues are ﬂanked by a band of positive residues. This pattern is strikingly similar to that seen for PsLEAm,
a LEA protein found in seed mitochondria from the pea plant,
Pisum sativum (51). The banding pattern permits PsLEAm to
directly interact with the bilayer surface like other amphipathic
proteins. Speciﬁcally, the α-helix aligns perpendicular to the
phospholipid molecules (i.e., lies ﬂat against the membrane surface), such that the protein settles in between the head groups,
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which facilitates the interaction of the positively charged amino
acids with the negatively charged phospholipid head groups
(76, 77). This interaction may be functionally important for two
reasons. First, placing LEA proteins between polar head groups
could maintain spacing between lipids and increase acyl-chain
mobility at low water contents, which results in depression of
the Tm (52). Secondly, formation of inverted hexagonal II
(HexII) phase in bilayers can increase at low water contents,
and freezing studies demonstrate that COR15 proteins (LEA23
and LEA24) retard these deleterious transitions in chloroplasts
(50, 74). In summary, the modeling data suggest that AfrLEA3m
[and also AfrLEA2 (54)], may interact directly with lipid bilayers
in a manner similar to the plant LEA protein PsLEAm.

Water Stress with Intact Mitochondria
It is noteworthy that mammalian mitochondria frozen in trehalose solutions retain at least some degree of respiratory coupling upon thawing. For rat liver mitochondria, we have shown
that OXPHOS capacity was increased, outer membrane damage
was reduced, LEAK respiration was decreased, and respiratory
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FIG 3

(A) Stabilization of liposomes by trehalose during freezing at −80  C. Liposomes with lipid composition mimicking the inner
mitochondrial membrane were prepared with and without 250 mM trehalose present on the inside of the liposomes and frozen
in a 250 mM trehalose solution. Control liposomes were frozen without any trehalose. Stability of liposomes was determined by
CF leakage. Data are expressed as means  SD (n = 3–6 samples). An asterisk indicates signiﬁcant decrease of CF loss compared
to controls. Double asterisks indicate signiﬁcant decrease of CF leakage compared to liposomes frozen with external trehalose
only. (B, C) Respiratory measurements of isolated mitochondria from rat liver before and after freezing. Mitochondria were frozen
in media that contained 150 mM KCl (B) or 300 mM trehalose (C). Cytochrome c (+cyt c) was added during the OXPHOS state
and represents a test for integrity of the OMM. Data represent the mean  SD of four to ﬁve samples. Asterisks indicate a signiﬁcant change from nonfrozen values, and the double dagger symbol (‡) indicates a signiﬁcant increase in OXPHOS respiration
after the addition of cytochrome c. [Figure assembled from data in reference (73)].

control ratio (OXPHOS/LEAK) was increased when a trehalosebased freezing solution was used in place of a KCl-based solution [Fig. 3B,C; Ref. 73]. Similar results were previously
obtained with mouse liver mitochondria (78). In principle, supplying trehalose to the mitochondrial matrix should improve
stability of mitochondria and particularly the IMM, since as previously discussed, trehalose is a more effective stabilizer when
present on both sides of a bilayer. However, loading signiﬁcant
amounts of trehalose into this compartment is challenging without compromising mitochondrial function during the loading
process. We used transient opening of the mitochondria
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permeability transition pore to load trehalose into the matrix of
mitochondria isolated from rat liver (73). When opening of the
transition pore was optimized to avoid any pre-freezing damage
to mitochondria, the amount of trehalose loaded into the matrix
(0.24 μmol trehalose/mg mitochondrial protein) was apparently
insufﬁcient to provide any further improvement in mitochondrial performance post-freezing. In contrast to rat liver mitochondria, freezing of mitochondria isolated from A. franciscana
embryos is far more successful (J. Craig and S. Hand, in preparation); these mitochondria come naturally provisioned with
both trehalose and LEA protein in the matrix.

DIAPAUSE AND ANHYDROBIOSIS

CONCLUDING REMARKS
Studying animals whose evolutionary history has endowed
them with natural capacities for metabolic depression and desiccation tolerance provides insights into mechanisms underpinning these abilities and informs us about principles applicable
to other more sensitive species. Entering energy-limited state
like diapause, which entails a dramatic restriction of mitochondrial oxidative phosphorylation, can be viewed as a form of
metabolic preconditioning that results in a shift in metabolic
poise. This metabolic adjustment shows similarity to the Warburg effect in cancer cells, ischemic preconditioning in heart
and liver, and the general hypoxia response of mammalian cells
mediated by hypoxia inducible factor-1α. All these phenomena
improve the physiological robustness of cells to stress, and in
the case of the hypoxia response, even to disease (79). Tolerance to extreme desiccation, as seen in embryos of
A. franciscana, is unquestionably multifaceted. Yet understanding of how intracellular protective agents like LEA proteins and
trehalose work together to stabilize biological macromolecules,
macromolecular assemblages like membranes, and organelles
like mitochondria, provide fresh perspectives on stress
tolerance.
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